Background: Although prooxidant activities have also been described, phenolic 15 compounds can act as chelating and free radical scavengers. These protective functions 16 would be their first and second defense barriers against the lipid-induced damage in 17
Introduction 39
Lipid oxidation is a major food problem because it causes consumer rejection and 40 potential safety problems. Thus, it is responsible for the deterioration of polyunsaturated 41 lipids and produces changes in flavor, texture, appearance, and nutritional quality in 42 food products (Waraho, McClemens, & Decker, 2011) . This traditional problem in the 43 food industry has got worse in recent years because of the removal of hydrogenated fats, 44 the addition of more unsaturated fatty acids to improve nutritional content, and the 45 consumer desire to remove synthetic food additives including antioxidants. Because of 46 that, the search of satisfactory strategies for inhibiting lipid oxidation has been (and still 47 is) a constant for the food industry. 48
The assayed strategies have included the use of both primary antioxidants (those that 49 disrupt the oxidative free radical chain reaction) and secondary antioxidants (those that 50 prevent lipid oxidation by deactivating singlet oxygen, chelating metal ions, absorbing 51 ultraviolet radiation, scavenging oxygen, or helping to regenerate primary antioxidants) 52 (Senanayake, 2013) . Among the different compounds assayed, natural phenolic 53 compounds have been shown to effectively scavenge free radicals and to chelate 54 transition metals, thus stopping progressive autoxidative damage and production of off-55 odours and off-tastes (Brewer, 2011) . In addition, phenolic compounds are also able to 56 scavenge the carbonyl compounds produced in the lipid oxidation pathway, providing in 57 this way an additional protection to foods against the consequences of lipid oxidation. 58 8
The complexation of the metal ions produces a special spatial orientation in the 153 flavonoid, which has been related to the pharmacological activity described for these 154 complexes. The biological activities described for flavonoid-metal ion complexes 155 include anti-inflammatory, anti-bacterial, anti-diabetic, anti-tumor, and antioxidant 156 activities both in vitro and in vivo (Selvaraj, 
The free radical-scavenging ability of phenolic compounds 164
Phenolic compounds also delay the lipid oxidation process by scavenging the free 165 radicals that either initiate the lipid oxidation or take part in the propagation of the free 166 radical chain. This is consequence of their well-known ability of scavenging a wide 167 range of both reactive oxygen species (ROS) and reactive nitrogen species (RNS) such 168 as superoxide, hydroxyl, peroxyl, and alkoxyl radicals, and peroxynitrous and 169 hypochlorous acids (Maqsood, Benjakul, Abushelaibi, & Alam, 2014 ). The reaction is 170 produced by donation of a hydrogen atom to the radical at the same time that the 171 phenolic compound is converted into a phenolic free radical according to equation 6 172 (AH is the phenolic compound). 173
Differently to lipid radicals and other ROS and RNS, the produced phenolic radicals 175 do not continue the free radical chain because this new radical is stabilized by electron 176 delocalization throughout the phenolic ring(s). 177
The free radical-scavenging potential of phenolic compounds depends on the pattern 178 (both number and location) of free hydroxyl groups in the flavonoid skeleton. This 179 distribution seems to be more important than the flavanoid backbone alone. The 180 hydroxyl configuration in the B-ring seems to be the most significant determinant of 181 scavenging of both ROS and RNS (Heim, Tagliaferro & Zamora, 1993; Yin, 1996) . Recent investigations also show 211 that phenolic compounds are also playing a role in these reactions. 212
To determine that the inhibition produced by phenolic compounds is related to 213 carbonyl trapping and not to free radical scavenging, it is essential to select a reaction 214 produced as a consequence of carbonyl chemistry. A reaction very appropriated in this 215 sense is the formation of the heterocyclic aromatic amine 2-amino-1-methyl-6-216 phenylimidazo[4,5-b]pyridine (PhIP). PhP is formed in several steps, which are 217 schematically shown in Fig. 2 . A more detailed description of the reaction mechanism 218 can be found in . The first step is the Strecker degradation of 219 phenylalanine to produce phenylacetaldehyde, a step that does not need the presence of 220 creati(ni)ne but it is facilitated in the presence of reactive carbonyl compounds derived 221 11 from carbohydrates (Rizzi, 2008; Yaylayan, 2003) , lipids (Hidalgo & Zamora, 2004 observed in the above reaction mechanism, the reason for that is that there are not free 236 radicals implied in PhIP formation. Therefore, the inhibition has to be produced by 237 trapping of the carbonyl compounds involved in the formation of PhIP 238 (phenylacetaldehyde, formaldehyde, and the carbonyl compounds responsible for 239 phenylacetaldehyde formation) . 240
The carbonyl compounds scavenged by phenolic compounds 241
The carbonyl scavenging ability of phenolic compounds has been long known 242 unequivocal structures for the produced compounds were not always described. 265
Structure-activity of phenolic compounds for their carbonyl-scavenging ability 266 13
Analogously to the observed for the chelating and free radical-scavenging activities, 267 the carbonyl trapping potential of phenolic compounds depends on the pattern (both 268 number and location) of free hydroxyl groups. In a study analyzing the structure/activity 269 relationship of phenolic compounds for the inhibition of PhIP formation, Salazar, 270 Arambula-Villa, found that phenols having two hydroxyl 271 groups at meta positions of the aromatic ring were the most efficient inhibitors. The 272 reason for that is that these isomers concentrate a high electronic density in some 273 carbons and this electronic density is needed for the reaction with carbonyl compounds. 274
The reaction is produced by addition of a phenolic carbon (or a hydroxyl group) to a 275 carbon with a low electronic density in the carbonyl compound. Therefore, any 276 substituent or substitution pattern that favors electron delocalization will produce a 277 decrease in the carbonyl scavenging ability of phenolic compounds. This requirement is 278 the contrary to that for a high free-radical scavenging activity in which a pattern that 279 delocalizes the free electron is needed. 280
The positions with the highest electronic densities are the carbons at the -position to 281 the carbons with the hydroxyl group in the phenolic ring when there are two hydroxyl 282 groups in meta positions. Thus, for the resorcinol shown in Fig. 3 , the carbons with the 283 highest electronic density are those at positions 2, 4, and 6. Analogously, the carbons 284 with the highest electronic density in the quercetin (Fig. 3) are those at positions 6 and 285 8. However, not all these carbons have the same reactivity, although they have an 286 analogous electronic density, because of steric hindrance. Thus, the most reactive 287 carbons for the resorcinol shown in In the case of 2-akenals, the reaction begins with an addition to the carbon-carbon 298 double bond . 299
Chemical structures of the carbonyl-phenol adducts produced 300
The structure of the adduct produced depends on the carbonyl compound implied. 301
Single carbonyls suffer the addition of the phenolic compound and the corresponding 302 alcohol is produced (Fig. 3) . Depending on the reaction conditions and both the 303 carbonyl and the phenolic compound involved, the formed adduct can suffer then a 304 dehydratation reaction to produce a more stable conjugated compound. The reaction of phenolic compounds with 2-alkenals is more complex because both 311 the carbonyl group and the conjugated carbon-carbon double bond are involved. In 312 addition, the initial adducts produced suffer then a cyclization reaction to produce a 313 15 more stable heterocyclic structure . The produced reaction is 314 shown in Fig. 5 . Differently to the reaction with saturated aldehydes, the products of the 315 addition of both the CH and the OH groups of the phenol to the carbonyl compound 316 have been described. The adduct produced by the addition of the CH group to the 317 aldehyde is relatively stable after formation of a hemiacetal structure. However, the 318 adduct produced by the addition of the OH group to the aldehyde is unstable. In a first 319 step, it produces a dehydrated compound, which has been isolated and characterized for 320 a significant number of phenolic compounds . However, this 321 first adduct has been shown to suffer further polymerizations which might also be 322 related to the browning development in these reactions. As discussed above, phenolic compounds take part in the described lipid oxidation 382 pathways at different steps, providing a triple barrier against the lipid oxidation and its 383 consequences. As shown in Fig. 6 , the first barrier is the chelation of the transition 384 18 metals responsible for the initiation step. This would avoid the formation of the first 385 radicals, which are essential for initiation of the process. Furthermore, the formation of 386 phenol-metal chelates might have positive consequences because of the healthy 387 properties described for these compounds, although some prooxidant effects have also 388 been observed. 389
If free radicals are produced, phenolic compounds are also able to react with these 390 radicals avoiding the propagation of the reaction. This free radical-scavenging ability 391 would constitute the second defensive barrier of these compounds. As indicated in Fig.  392 6, phenols can react with many free radicals produced in the course of lipid oxidation 393 pathway, producing in all cases the conversion of the lipid free radical into a lipid 394 oxidation product and the breakage of the free radical chain. 395
Finally, phenolic compounds can also react with the carbonyl compounds produced 396 in the lipid oxidation pathway, avoiding in that way the reaction of these carbonyl 397 compounds with the surrounding amino compounds. This is the third protective barrier 398 of phenolic compounds. This is a chemical reaction that produces in a first place the 399 corresponding addition product that is later either stabilized to produce the 400 corresponding carbonyl-phenol adduct or it can suffer a polymerization to produce 401 brown lipid-phenol polymers. In addition, the formation of some carbonyl-phenol 402 adducts might have positive consequences for the healthy properties of these 403 compounds. 404
As observed in with a high electronic density. It occurs in luteolin, apigenin, chrysin and, to a lower 433 extent, also in baicalein. The active carbonyl-scavenging region has been marked in Fig.  434 
435
All regions marked in Fig. 7 correspond to the most active regions for that protective 436 effect. However, other regions can also play a role under determined circumstances. For 437 example, a highly reactive carbonyl compound will react with a less reactive CH group 438 if these groups are available and the most reactive are not. 439
As observed in Fig. 7 , not all phenolics have all the protective functions. 440
Furthermore, depending on the distribution of functional groups, some of them will be 441 more efficient than others for the function(s) they have. Therefore, there will be, at least, 442 seven groups of phenolics as a function of its activity: chelating agents, free radical 443 scavengers, carbonyl scavengers, chelating and free radical scavengers, chelating and 444 carbonyl scavengers, free radical and carbonyl scavengers, and chelating and free 445 radical and carbonyl scavengers. A distribution of phenolic compounds among these 446 groups remains to be carried out. However, the rules for structure-activity discussed 447 above can provide a first approach for the expected activities of a specific compound. 448
Consequences of the different protective functions of phenolic compounds 449
Phenolics are frequently considered as a heterogeneous group of compounds having 450 a protective function because of their antioxidative activity. However, the studies 451 collected in this review show that both they do not have one function but three and they 452
are not one group of compounds but several groups if the functions they can play are 453 taken into account. Therefore, not all phenols are expected to be adequate to control a 454 have any protective role against coronary artery disease, but a tentative association of 496 green tea consumption with a reduced risk of coronary artery disease was found (Wang, 497 2010 ). The reason of why a decrease in free radical scavenging activity and an increase 498 in chelating and, perhaps, carbonyl-scavenging activities might affect differently to 499 different diseases remains to be clarified, supposing that this change in phenol 500 composition is one of the reasons for the different behavior of both kinds of tea. 501
Future research needs 502 23
Different to the free-radical scavenging ability of phenolic compounds, which has 503 been objective of many studies, the role of carbonyl-scavenging ability of phenolic 504 compounds for minimizing the consequences of either lipid oxidation or carbonyl 505 chemistry in both foods and living beings has not been known until very recently. 506 Therefore many questions still arise: how is the reactivity of the most toxic lipid 507 oxidation products such as epoxyalkenals and oxoalkenals with phenolic compounds? 508 Do only carbonyl compounds react with phenolic compounds or other lipid oxidation 509 products such as epoxides are also able to react? Is there a relationship between the 510 chain length of the lipid oxidation product and its reactivity with phenolic compounds? 511
Is the structure of the lipid oxidation product important for determining which kind of 512 phenolic compound will be the most appropriate for its elimination? How much amount 513 of phenolic compounds will be needed to decrease the negative sensory impact of 514 sensory-relevant lipid-derived reactive carbonyls? 515
After reaction with the lipid oxidation products, the free radical-scavenging part of 516 the phenolic compound still remains intact: will the carbonyl-phenol adducts more or 517 less free radical scavengers than the original phenols? Is it better to use two phenols 518 with different activities (one being a free radical scavenger and the other being a 519 carbonyl scavenger) or one phenol having the two functions? To this respect it has been 520 shown the important role of the physical location of the phenolic compound on its 521 in epidemiological studies might produce better understandable results. Furthermore, 538 the biological effects described so far for phenol-metal chelates and carbonyl-phenol 539 adducts might also be playing a role in all these effects. 540
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